The hypothalamic-pituitary-adrenal (HPA) axis displays a characteristic circadian pattern of corticosterone release, with higher levels at the onset of the active phase and lower levels at the onset of the inactive phase. As corticosterone levels modify the response to stress and influence the susceptibility to and/or severity of stress-related sequelae, we examined the effects of an acute psychological trauma applied at different zeitgeber times (ZTs) on behavioral stress responses. Rats were exposed to stress either at the onset of the inactive-(light) phase (ZT ¼ 0) or at the onset of the active-(dark) phase (ZT ¼ 12). Their behavior in the elevated plus-maze and acoustic startle response paradigms were assessed 7 days post exposure for retrospective classification into behavioral response groups. Serum corticosterone levels and the dexamethasone suppression test were used to assess the stress response and feedback inhibition of the HPA axis. Immunoreactivity for neuropeptide Y (NPY) and NPY-Y1 receptor (Y1R) in the paraventricular (PVN) and arcuate (ARC) hypothalamic nuclei, hippocampus, and basolateral amygdala were measured. The behavioral effects of NPY/Y1R antagonist microinfused into the PVN 30 min before stress exposure during the inactive or active phase, respectively, were evaluated. PVN immunoreactivity for NPY and Y1R was measured 1 day after the behavioral tests. The time of day of the traumatic exposure markedly affected the pattern of the behavioral stress response and the prevalence of rats showing an extreme behavioral response. Rats exposed to the stressor at the onset of their inactive phase displayed a more traumatic behavioral response, faster post-exposure corticosterone decay, and a more pronounced stress-induced decline in NPY and Y1R expression in the PVN and arcuate hypothalamic nuclei. Blocking PVN Y1R before stress applied in the active phase, or administering NPY to the PVN before stress applied in the inactive phase, had a resounding behavioral effect. The time at which stress occurred significantly affected the behavioral stress response. Diurnal variations in HPA and NPY/Y1R significantly affect the behavioral response, conferring more resilience at the onset of the active phase and more vulnerability at the onset of the inactive phase, implying that NPY has a significant role in conferring resilience to stress-related psychopathology.
INTRODUCTION
Glucocorticoid (GC) hormones have a major role in orchestrating the complex physiological and behavioral reactions essential for homeostasis (McEwen, 2002) . As such, they enable the organism to prepare for, respond to, and cope with the acute demands of physical and emotional stressors.
The release of GCs commensurate with stressor severity enables the body to properly contain stress responses and promote recovery by rapidly restoring homeostasis (Yehuda et al, 1998) . Inadequate GC release following stress not only delays recovery by acutely disrupting biological homeostasis, but can also interfere with the processing or interpretation of stressful information, resulting in long-term disruptions of memory integration processes (McEwen, 2002) . A salient example of such an impaired post-traumatic process in the clinic is post-traumatic stress disorder (PTSD; American Psychiatric Association, 1994) . Conventional wisdom holds that, in individual who develop PTSD, GC levels are elevated following the traumatic event; however, several studies have reported that lower cortisol levels in the acute aftermath of trauma can also predict subsequent PTSD symptoms (Delahanty et al, 2000; McFarlane et al, 1997; McFarlane, 2000; Witteveen et al, 2010) .
Our group has initiated a series of studies that examine the role of GCs in the susceptibility to extreme behavioral responses (EBRs) to stress ('PTSD-like behaviors') in a well-validated animal model for PTSD (Cohen et al, 2003a (Cohen et al, , 2005a . These studies have demonstrated a greater susceptibility to experimentally induced PTSD-like behavioral changes in Lewis rats, which have a hypoactive hypothalamic-pituitary-adrenal (HPA) axis, as compared with Fischer rats, which have a hyper-responsive HPA axis. Administration of corticosterone to Lewis rats before their exposure to the stressor effectively decreased the prevalence of subsequent extreme behavioral disruption (Cohen et al, 2006) . Another study examined the effect of a single highdose corticosterone intervention immediately following exposure to the stressor; this controlled prospective study showed a significant reduction in the incidence of PTSDlike behaviors and improved resilience to subsequent trauma (Cohen et al, 2008) . In contrast, administration of corticosterone 14 days following stress exposure and immediately after memory reactivation had no effect on rat behavior. These findings highlight the pivotal role of the initial response of the HPA axis in producing normative stress responses and in determining the long-term neurohormonal imbalance underlying the behavioral symptoms of PTSD.
The secretion of GCs is a highly regulated process (Atkinson et al, 2010) . The HPA axis displays a characteristic circadian pattern of corticosterone release, with lower levels at the onset of the inactive phase and higher levels at the onset of the active phase (Dallman and Yates, 1969; Lightman et al, 2000) . It has been demonstrated that the time of onset of the exposure to stress, relative to the phase of the circadian cycle, can determine the physiological response to stress (Windle et al, 1998) . This finding indicates a dynamic interaction between the basal GC levels and the ability of an animal to mount a response to stress. Therefore, it is reasonable to expect that endogenous variations in the basal activity of the HPA axis will influence the responsiveness to stress and, thereby, the susceptibility to or the severity of stress-related disorders, such as PTSD. Hence, the present study sought to assess the relationship between the time of stress exposure-either during the early inactive phase or the early active phase-and the magnitude of the resulting behavioral change. To this end, we analyzed the behavioral response of rats to predator scent stress (PSS) in an animal model that distinguishes between individuals according to the degree to which the stressor affects behavior (Cohen and Zohar, 2004a; Cohen et al, 2003b Cohen et al, , 2005c Cohen et al, , 2004b .
Another important goal of this study was to suggest a mechanism that may mediate the possible relationship between the circadian rhythm, the HPA axis activity, and the behavioral response to stress. Previous evidence have suggested a possible relationship between GCs and neuropeptide Y (NPY) in the brain (Akabayashi et al, 1994) , which may mediate this relationship. Although NPY is widely distributed in the CNS (de Quidt and Emson, 1986; Kask et al, 2002) , the hypothalamic PVN is particularly rich in innervation of NPY-immunoreactive (NPY-ir) terminals. Importantly, the PVN has a major role in controlling the release of corticosterone (Rivier and Plotsky, 1986) and shows a high concentration of GC receptors (Ahima and Harlan, 1990; Akabayashi et al, 1994; Fuxe et al, 1985) . Moreover, most NPY-ir terminals in the PVN originate from non-catecholaminergic neurons of the hypothalamic ARC nucleus (Bai et al, 1985; Sawchenko et al, 1985) , where GC receptors are also found in high concentrations (Ahima and Harlan, 1990; Fuxe et al, 1985) . In a previous study, we reported that NPY has an active role in the stress-response cascade, interacting with other systems (including the HPA axis) to mediate stress-related processes, including behavioral responses, memory consolidation, recovery, and resilience (Cohen et al, 2012) . Moreover, we found that an intra-hippocampal microinfusion of NPY elevated endogenous NPY and attenuated the behavioral effects to PSS exposure. These experiments indicate a direct link between NPY-ir cells/fibers and HPA axis activity.
In light of such accumulating evidence, we tested the hypothesis that the time of day at which an animal is exposed to a stressor significantly impacts on the behavioral response patterns of the animal (ie, vulnerability versus resilience to stress), and that these patterns are influenced by the interplay between the HPA axis and the NPY-ergic system. To this end, we first performed a controlled, prospective study to examine the behavioral, physiological, and biomolecular effects of acute psychological stress applied to rats (which are essentially nocturnal animals) at different zeitgeber ('time-giver'; ZT) times. We exposed the rats to the stressor at the onset of either their active phase (ZT ¼ 12) or their inactive phase (ZT ¼ 0) and measured (a) their serum corticosterone levels and (b) their NPY and NPY-Y1 receptor (Y1R)-ir cells/fibers in different brain regions, including in the hypothalamic PVN and ARC, in different hippocampal subregions (CA1, CA3, and DG), and in the basolateral amygdala (BLA). Then, in a second set of experiments, we administered either NPY or the Y1R antagonist (Y1RA) BIBO3304 to rats during their active or inactive phase. Administration of these agents commenced 30 min before exposing the rats to the stressor, and their behavioral and biomolecular parameters were measured. We hypothesized that the time of exposure to the stressor would significantly affect behavioral stress response patterns, and that the interplay between the HPA axis and NPY-ergic system would influence the behavioral response to the stressor.
MATERIALS AND METHODS

Animals
A sample of 259 adult male Sprague-Dawley rats, weighing 150-200 g, was used. The rats were housed, four per cage, in a vivarium with a stable temperature and unlimited access to food and water. A 12 : 12 light-dark cycle (light phase: 200G50 lux) was maintained for all rats.
Experimental Design
Rats were randomly assigned to colony rooms maintained on either a 'light regime' (lights on at 0900 hours, ZT ¼ 0; Inactive Phase group) or a 'dark (reversed) regime' (lights off at 0900 hours, ZT ¼ 12; Active Phase group). All rats were maintained under this regime for a 1-w habituation period before behavioral testing commenced.
To assess the behavioral and physiological responses to a stressor applied at different times of the day, three consecutive experiments were conducted, each stemming from the results of the preceding one. The experimental design used for each of these experiments is schematically depicted in the respective figures. In the first experiment (N ¼ 106), all rats were exposed to PSS or to Sham-PSS (see below) at 0900 hours (ZT ¼ 0) on day 1, namely, at the onset of their ZT active or inactive, depending on the group). Behavioral assessments were conducted on day 7, first in the elevated plus-maze (EPM) paradigm and then, 1 h later, in the acoustic startle reaction (ASR) paradigm. These data subsequently served for classification into behavioral response groups (Figure 1 ). The rats were killed at 0900 hours (ZT ¼ 0) on day 8 and their brains were collected for measurement of NPY-and Y1R-ir in different brain regions (see below). In the second experiment (N ¼ 70), circulating corticosterone levels were evaluated before and at different time points (15-240 min) after exposing rats to PSS. In light of the results, the dexamethasone (DEX) suppression test was used to assess negative feedback inhibition of the HPA axis and association with NPY levels (N ¼ 42 overall). The third experiment (N ¼ 41) was designed to evaluate the behavioral effects of pharmacologically manipulating NPY levels before the PSS exposure. To this end, rats in the Active Phase group were intra-PVN microinfused with a Y1RA (BIBO3304) 30 min before PSS or Sham-PSS exposure, whereas rats in the Inactive Phase group were intra-PVN microinfused with NPY 30 min before PSS or Sham-PSS exposure. Behavioral parameters were assessed on day 7 and, 1 day later, rats were killed and their brains were collected for measurement of NPY-and Y1R-ir in the PVN and ARC.
Predator Scent Stress
Rats were individually placed on well-soiled cat litter, which was used by a cat for 2 days and sifted for stools. They were exposed to the litter for 10 min in a plastic cage (inescapable exposure) placed on a yard paving stone in a closed environment. Sham-PSS was administered under similar conditions, but the rats were exposed to a fresh, unused cat litter (Cohen et al, 2013 (Cohen et al, , 2003c (Cohen et al, , 2005b .
Behavioral Measurements
The behavior of rats was assessed in the EPM and ASR paradigms, as described previously (Cohen et al, 2003a (Cohen et al, , 2005a (Cohen et al, , 2004c and as briefly detailed below. Figure 1 The cutoff behavioral criteria (CBC) algorithm. To approximate the behavioral model to contemporary clinical conceptions of post-traumatic stress disorder (PTSD), we classified animals into groups according to degree of response to the stressor (PSS, predator scent stressor), ie, the degree to which the behavior of an individual is altered or disrupted. To this end, behavioral criteria were defined and then complemented by the definition of cutoff criteria, which reflect the severity of response; this parallels inclusion and exclusion criteria applied in clinical research. The procedure requires the following steps: (a) verification of global effect: the data must demonstrate that the stressor has a significant effect on the overall behavior of PSS-vs Sham-PSSexposed populations at the time of assessment; (b) application of the CBCs to the data: to maximize the resolution and minimize false positives, extreme responses to the stress in both the elevated plus-maze (EPM), and acoustic startle response (ASR) paradigms (performed sequentially) are required for 'inclusion' into the extreme behavioral response (EBR) group. A negligible response in both paradigms is required for inclusion into the minimal behavioral response (MBR) group. Individuals who are not classified as having an EBR or an MBR are, by default, classified as having a partial behavioral response (PBR).
Elevated plus-maze. The maze was a plus-shaped platform with two opposing open arms and two opposing closed arms (closed arms surrounded by 14-cm high opaque walls on three sides; File et al, 1993) . Rats were placed on the central platform, facing an open arm, and were allowed to freely explore the maze for 5 min. Each test was videotaped and the behavior of the rat was subsequently scored by an independent observer. Arm entry was defined as entering an arm with all four paws. At the end of the 5 min test period, the rat was removed from the maze, the floor was wiped with a damp cloth, and any fecal boluses Acoustic startle response. Startle responses were measured by using two ventilated startle chambers (SR-LAB system, San Diego Instruments, San Diego, CA). The SR-LAB calibration unit was used routinely to ensure consistent stabilimeter sensitivity between test chambers and over time. Each Plexiglas cylinder rested on a platform inside a soundproof, ventilated chamber. Movement inside the cylinder was detected by a piezoelectric accelerometer below the frame. Sound levels within each test chamber were measured routinely with a sound level meter (Radio Shack) to ensure consistent presentation. Each test session began with a 5-min acclimatization period to background white noise of 68 dB, followed by 30 acoustic startle trial stimuli presented in six blocks (110 dB white noise of 40 ms duration and 30 or 45 s inter-trial interval). Two behavioral parameters were assessed: (a) the mean startle amplitude (averaged over all 30 trials) and (b) the percent of startle habituation to repeated presentation of the acoustic pulse. For the latter, the percent change was calculated between the response to the first and last (6th) blocks of sound stimuli, as follows: According to the EPM and ASR measurements, the response of each rat to the PSS or Sham-PSS exposure was classified as an EBR, minimal (MBR), or partial behavioral response (PBR; see below).
Immunohistochemistry
Twenty-four hours after the behavioral tests (ie, on day 8), animals were deeply anesthetized and perfused transcardially with cold 0.9% physiological saline followed by 4% paraformaldehyde (Sigma-Aldrich, Israel) in 0.1 M phosphate buffer. Brains were quickly removed, post-fixed in the same fixative for 12 h at 4 1C, cryoprotected overnight (30% sucrose in 0.1 M phosphate buffer at 4 1C), and then frozen and stored at À 80 1C. Serial coronal sections (10 mm) were performed with a cryostat (Leica CM 1850) and mounted on coated slides.
Staining. Sections were air-dried and washed three times in PBS containing Tween 20 (PBS/T; Sigma-Aldrich). They were then incubated for 60 min in a blocking solution (normal goat serum, in PBS) and then overnight at 4 1C with the primary antibodies against NPY (mouse monoclonal anti-NPY antiserum (1 : 500), product code: sc-133080, Santa Cruz Biotechnology, Inc., Heidelberg Germany) and Y1R (rabbit polyclonal anti-Y1R antiserum (1 : 500), product code: sc-28949, Santa Cruz Biotechnology, Inc.). After three washes in PBS/T, sections were incubated for 2 h in DyLight-488-labeled goat-anti-rabbit IgG or in Dylight-594 goat anti-mouse IgG (1 : 250; KPL, MD, USA) in PBS containing 2% normal goat or horse serum. The sections were then washed and mounted with mounting medium (Vectastain; Vector Laboratories, CA, USA). Sections from the brains of different groups of rats were processed at the same time and under identical conditions to ensure reliable comparisons and to maintain stringency in tissue preparation and staining conditions. Control staining was performed in the absence of the primary antibodies. In addition, secondary fluorescent labels were swapped to test for cross-reactivity, and sections were incubated without primary antibodies to test for nonspecific binding of the secondary antibodies.
Relative quantitative analysis of NPY immunoreactivity. Brain sections showing NPY-and Y1R-ir in the PVN (-1.4 mm to -2.4 mm), ARC (-2.4 mm to -3.4 mm), CA1, CA3, DG (-3.6 mm to -4.0 mm), or BLA (-1.8 mm to -3.8 mm; all coordinates relative to Bregma) were subjected to image analysis. Each brain region was defined under the microscope according to cytoarchitectural landmarks (Paxinos and Watson, 1988) . NPY-and Y1R-ir were measured in a 50 000-mm 2 area in each area of interest and were digitized using microscopic images (Leica microscope DM4500B; Leica Microsystems, Wetzlar, Germany) and a DFC340FX digital imaging camera (Leica Microsystems). Measurements were taken from predetermined fields in each sub-region from both brain hemispheres. The density of fibers and cells expressing NPY-and Y1R-ir in each area was determined with the Leica LAS software (version 3.8). To compensate for background staining levels and to control for variations in the overall illumination level between images, the average pixel density of two regions that presumably contained only nonspecific staining (ie, in areas that are near each area of interest that is not thought to contain NPY/Y1R) was determined within each captured image, and this value was subtracted from all density measurements performed on that image (Brown et al 1998; Xavier et al 2005) . Results are expressed as the average staining intensity and are presented as the mean±standard error of the mean (SEM). The data from all animals in each group were pooled separately for each brain region, and the mean ± SEM was calculated. Figure 3 (panels 2 and 3) shows the rectangular area in which the cells and/or fibers were evaluated in each section.
Animal Sacrifice and Blood Sampling
In the second experiment, animals were decapitated with a guillotine. Situational stress was minimized by thoroughly cleaning the area between killing and removing the bodies. Trunk blood was collected, left at room temperature for 1 h, Diurnal fluctuations in HPA and NPY-ergic systems at ZTs S Cohen et al and then centrifuged at 1000 g for 10 min at 4 1C. Serum was collected and stored at -80 1C.
Measurement of Serum Corticosterone
Corticosterone was measured with a DSL-10-81000 ELISA kit (Diagnostic Systems Laboratories, Webster, TX, USA), according to the instructions of the manufacturer, by a person blind to the experimental procedures. All samples were measured in duplicates.
Drugs NPY (10 mg; Bachem, Bubendorf, Switzerland) and Y1RA (the Y1R-selective argininamide derivative BIBO3304, (R)- (Wieland et al, 1998) , 20 mg; Tocris Bioscience, Sweden) were dissolved in ACSF. Doses were chosen based on a previous study (Cohen et al, 2012) .
DEX Suppression Test
Rats were subcutaneously injected with 50 mg/kg of DEX (Sigma Aldrich; dose based on a previous study (Cole et al, 2000) ) or with saline. Then, 2.5 h later, the rats were intranasally (IN) administered with NPY, BIBO3304, or vehicle (ACSF). Blood samples were collected 30 and 60 min after the IN administration. (g) prevalence of partial behavioral response (PBR). Rats exposed to PSS during the inactive phase showed a significant decrease in the percentage of time spent in the open arms of the EPM, as compared with rats exposed to PSS during the active phase. Rats exposed to PSS during the inactive phase exhibited a significantly higher mean startle amplitude, as compared with rats exposed to PSS during the active phase. The prevalence of EBR was markedly higher in rats exposed to PSS at the onset of the inactive phase, as compared with rats exposed to PSS at the onset of the active phase. All data represent group mean ± SEM. (Serova et al, 2013) .
Surgery
Rats were anesthetized with isoflurane and placed on a computer-guided motorized stereotaxic instrument (StereoDrive, Neurostar) that is fully integrated, via a control panel, with the coordinates of Paxinos and Franklin's rat brain atlas (Paxinos and Watson, 1988) . A bilateral stainless steel guide cannula (26 gauge, 1 mm cannula-to-cannula spacing, cut to extend 7 mm from the pedestal; Plastics One, Roanoke, VA, USA) was implanted with the tip just dorsal to the PVN (coordinates: 1.8 mm posterior to bregma, 6.5 mm below the skull surface). The guide cannula was affixed to the skull with three small machine screws surrounded by dental acrylic. A bilateral dummy cannula extending 1 mm beyond the end of the guide cannula was then inserted, and a dust cap was placed over the external end of the cannula. Animals were postoperatively administered buprenorphine (0.05 mg/kg, subcutaneously) and allowed to recover, singly housed, for 1 week. They were allowed 10 days to recover before experimental procedures were initiated.
Microinfusions
One microliter of NPY (1 nmol) was delivered bilaterally to the PVN by using a Hamilton syringe connected to a motorized nanoinjector, at a rate of 0.3 ml/min. To allow the solution to diffuse into the brain tissue, the needle was left in the brain for 2 min after injection.
Histology
At the end of the behavioral tests, 1 ml of India ink was microinjected to identify cannula placement. After decapitation, the brains were quickly removed, frozen on dry ice and kept at -20 1C. Coronal slices (30 mm) were cut in a cryostat, stained with a Nissl stain and analyzed to verify the microinfusion sites by using diagrams from the atlas by Paxinos and Watson (1988) .
Statistical Analyses
For the behavioral and molecular results, statistical analyses were performed with a two-way ANOVA with PSS exposure (PSS vs Sham) and phase (Active (ZT ¼ 12) vs Inactive (ZT ¼ 0)) as the independent factors. For serum corticosterone levels, statistical analyses were performed with a one-way ANOVA. Post-hoc Bonferroni tests were used to examine differences between individual groups. In addition, the behavioral data were transformed to percentage using the Cutoff Behavioral Criteria (CBC) model: the prevalence of affected rats as a function of rat group was tested by using cross-tabulation and nonparametric w 2 tests. All nonparametric analyses were performed on raw data (and not on percentage).
The CBC model. Human responses to traumatic experiences clearly vary greatly in extent and in character. More importantly, PTSD occurs in a percentage (roughly 25-35%) of those exposed, underscoring the importance of contemporary definitions of stress-related disorders (DSM and ICD) and of inclusion and exclusion criteria applied in controlled clinical trials. In contrast, most animal studies have tended to relate to unclassified 'global' groups, ie, the entire exposed population vs control populations without distinction, whereas researchers who work with animals have long been aware that individual study subjects tend to display a variable range of responses to stimuli, certainly where stress paradigms are concerned. The heterogeneity in animal responses might be regarded as confirming the validity of animal studies, rather than as a problem. It stands to reason that a model of diagnostic criteria for psychiatric disorders can be applied to animal responses to augment the validity of study data, as long as the criteria for classification are clearly defined, reliably reproducible, and yield results that conform to findings in human subjects. The criteria used in this model were thus based on the EMP and ASR paradigms combined, and clearly defined two opposing extremes of the possible responses of each individual to stress. The one extreme of this model, termed here an 'EBR', indicates animals whose exploration of the open arms of the EPM was zero throughout the test, and whose startle response was maximal and did not undergo any habituation throughout the ASR test. An EBR thus parallels extreme PTSD-like responses and unabating maximal stress. The other extreme, termed here a 'MBR', indicates animals whose behavior in both the EMP and ASR paradigms was virtually unaffected by the stressor. A MBR thus parallels no PTSD-like response to the stressor. Rats that did not meet the criteria of either an EBR or a MBR were considered, by default, to have a PBR (Cohen et al, 2013 (Cohen et al, , 2003c (Cohen et al, , 2005b . The CBC procedure and its predefined classification criteria are detailed in Figure 1 .
RESULTS
Behavioral Analyses
EPM. A two-way ANOVA revealed a significant main effect for PSS exposure on the percentage of time spent in the open arms (F(1,102) ¼ 5.8, po0.02, Figure 2a ) and on the percentage of open-arm entries (F(1,102) ¼ 16.6, po0.0001, Figure 2b) . A PSS exposure Â phase interaction was also found for these two EPM parameters (F(1,102) ¼ 31.0, po0.00001; and F(1,102) ¼ 9.1, po0.0035, respectively). Bonferroni post-hoc tests indicated that, in both the Active and the Inactive Phase groups, the overall time spent in the open arms was lower in the groups exposed to PSS than in the groups exposed to a Sham-PSS (po0.035 and po0.0001, respectively). In addition, Inactive/PSS rats spent significantly less time (po0.05) in the open arms of the EPM, and entered significantly less (po0.05) to these arms, than Active/PSS rats. This difference was not observed in rats exposed to a Sham-PSS.
Thus, in the EPM, the behavioral outcomes of PSS exposure were greater when the stressor was applied at the onset of the inactive phase than at the onset of the active phase of the rats.
ASR.
A two-way ANOVA revealed a significant main effect for PSS exposure (F(1,102) ¼ 9.3, po0.003) and a significant PSS exposure Â phase interaction (F(1,102) ¼ 9.06, po0.0035) for the startle amplitude (Figure 2c ). Bonferroni post-hoc tests indicated that Inactive/PSS rats showed a significantly higher mean startle amplitude than Active/PSS rats (po0.008). No differences in the mean startle amplitude were observed between Active/PSS and Active/Sham rats, or between the two Sham groups. Thus, in the ASR, the behavioral outcomes of PSS exposure were greater when the stressor was applied at the onset of the inactive phase than at the onset of the active phase of the rats. No differences in startle habituation were observed between any of the groups (Figure 2d) .
CBC model classification. Significant differences were found between groups in the prevalence rates of individuals displaying an EBR, MBR, and PBR (Pearson w 2 ¼ 30.55, d.f. ¼ 6, po0.0025). Significant differences were found between groups in the prevalence rates of individuals displaying an EBR (Pearson w 2 ¼ 14.4, d.f. ¼ 3, po0.0025; Figure 2e ). Specifically, the prevalence of an EBR was significantly higher in Inactive/PSS than in Active/PSS rats (22.5% (7/31) and 3.1% (1/32), respectively; w 2 ¼ 4.18, Figure 3 The effects of predator scent stress (PSS) applied at different zeitgeber times (ZTs) on neuropeptide Y (NPY) and neuropeptide Y1 receptor (Y1R) levels: Behavioral procedure (1) and a schematic drawing representing the regions of the paraventricular nucleus (PVN; 2) and the arcuate nucleus (ARC; 3; coordinates relative to bregma: À 1.80 mm and À 2.56 mm, respectively; (Paxinos and Watson, 1988) ), from which the measurements were collated. The quantitative morphometric analysis of NPY-(a and d) and of Y1R-(b and e) immunoreactivity in fibers and/or cells of the PVN and ARC of rats exposed to PSS or Sham-PSS at the onset of the dark (active) and the light (inactive) phases (n ¼ 6 for each group). Also shown are representative images of NPY-and Y1R-immunoreactivity in the PVN (c) and ARC (f). Images were acquired at Â 10 magnification. Scale bar: 200 mm. The cells in green are NPYpositive and the cells in red are Y1R-positive. NPY-and Y1R-immunoreactivity in the PVN and ARC varied significantly in relation to the ZTs, with a steep rise at the onset of the active phase and a steep decline at the onset of the inactive phase. The decrease in the density of NPY-and Y1R-immunoreactivity in response to PSS exposure was smaller in rats exposed at the onset of the active phase than at the onset of the inactive phase. Active, dark (active) phase; Inactive, light (inactive) phase; AHC, central part of the anterior hypothalamus; DMH, dorsomedial nucleus of the hypothalamus; Rch, retrochiasmatic nucleus; VMH, ventromedial nucleus of the hypothalamus; 3V, third ventricle. All data represent group mean±SEM.
po0.05), and in Inactive/PSS than Inactive/Sham (w 2 ¼ 5.76, po0.02). No significant differences were found between the Active/PSS and the Active/Sham groups. Significant differences were also found between groups in the prevalence rates of individuals displaying a MBR (Pearson w 2 ¼ 21.5, d.f. ¼ 3, po0.0001; Figure 2f) . Specifically, the prevalence of a MBR was markedly lower in Inactive/PSS rats than in Active/ PSS rats (6.5% (2/31) and 31.3% (10/32), respectively; w 2 ¼ 4.3, po0.04). No significant differences were found between groups in the prevalence of a PBR (Figure 2g ).
Immunoreactivity in Hypothalamic Nuclei
NPY immunostaining. In both the PVN and ARC regions, a two-way ANOVA revealed a significant main effect of PSS exposure (F(1,20) (Figure 3a) and ARC (Figure 3d ) was significantly higher in Active/Sham rats than in Inactive/Sham rats (po0.0035 and po0.0007, respectively), indicating higher baseline levels at the onset of the active phase. In addition, the density of NPY-ir cells and fibers in the PVN and ARC significantly decreased in both the Active/PSS and the Inactive/PSS groups, as compared with the Active/Sham and Inactive/Sham groups, respectively (PVN: po0.0005 and po0.0001; ARC: Figure 4 The effects of predator scent stress (PSS) applied at different zeitgeber times (ZTs) on hippocampal neuropeptide Y (NPY)-and neuropeptide Y1 receptor (Y1R)-immunoreactivity. A schematic drawing representing the regions-cornu ammonis 1/3 (CA1, CA3), dentate gyrus (DG; 1), and basolateral amygdala (BLA; 2) -from which measurements were collated. The quantitative morphometric analysis of NPY-(a-c and g) and Y1R (d-f and h) -immunoreactivity in cells of the hippocampal subregions and BLA of rats exposed to PSS or to Sham-PSS at the onset of the dark (active) or the light (inactive) phases. In the CA1, DG, and BLA, PSS exposure at the onset of either the active or inactive phase decreased the levels of NPY and Y1R. In the CA3 sub-region, no significant differences were found between groups. Active, dark (active) phase; Inactive, light (inactive) phase. All data represent group mean±SEM.
Diurnal fluctuations in HPA and NPY-ergic systems at ZTs S Cohen et al po0.0001 and po0.0001, for the Active and Inactive Phase groups, respectively; Figure 3a and d). The decrease from baseline NPY-ir levels (indicated by the Sham-PSS groups) was greater in Inactive/PSS rats-which exhibited relatively low baseline NPY-ir levels-than in the Active/PSS rats.
Y1R immunostaining.
In both the PVN and ARC regions, a two-way ANOVA revealed a significant main effect of PSS exposure (F(1,20) ¼ 171.9, po0.0001 and F(1,20) ¼ 112.6, po0.0001 for the two regions, respectively) and of phase (F(1,20) ¼ 6.45, po0.02 and F(1,20) ¼ 5.7, po0.03, respectively) on the immunocytochemical profile of Y1R-ir (Figure 3b and e) . Bonferroni post-hoc tests indicated that the density of Y1R-ir in the PVN (Figure 3b ) and ARC (Figure 3e ) was significantly higher in Active/Sham rats than in Inactive/Sham rats (po0.05 and po0.02, respectively), indicating higher baseline levels at the onset of the active phase. The density of Y1R-ir in the PVN and ARC was lower in the Active/PSS and in Inactive/PSS rats than in the Active/Sham and the Inactive/Sham groups, respectively (po0.0001 for both comparisons).
Immunoreactivity in Hippocampal Subregions
NPY immunostaining. In the CA1 and DG subregions of the hippocampus, a two-way ANOVA revealed a significant main effect for PSS exposure (F(1,20) ¼ 40.7, po0.0001 and F(1,20) ¼ 17.8, po0.0001 for the two regions, respectively; Figure 4a and c) but not for phase. In addition, no PSS exposure Â phase interaction was found. Bonferroni posthoc tests indicated that, in both subregions, PSS exposure decreased the density of NPY-ir in both the Active and Inactive Phase groups, as compared with their Sham counterparts (CA1: po0.0002 and po0.001, and DG: po0.0001 and po0.0001, respectively). No significant differences were found between groups in the CA3 subregion (Figure 4b ).
Y1R immunostaining.
In the CA1 and DG subregions of the hippocampus, a two-way ANOVA revealed a significant main effect for PSS exposure (F(1,20) ¼ 31.9, po0.0002 and F(1,20) ¼ 110.2, po0.0001 in the two regions, respectively; Figure 4d and f) but not for phase. No significant PSS exposure Â phase interaction was found. Bonferroni posthoc tests indicated that, in both subregions, PSS exposure decreased the density of Y1R-ir in both the Active and Inactive Phase groups, as compared with their Sham counterparts (CA1: po0.015 and po0.002 and DG: po0.0001 and po0.0001, respectively). No significant differences were found between groups in the CA3 subregion (Figure 4e ). Figure 5 The effects of predator scent stress (PSS) applied at different zeitgeber times on plasma corticosteroid levels. (a) Serum corticosterone levels before and after exposure to PSS at the onset of the dark (active) and the light (inactive) phases, at 15-min intervals. (b) The exponential rate (R0) was calculated from baseline to corticosterone peak value. (c) The decay constant (t1) was calculated by using an exponential decay order 1 model. Darkactive phase; Light-inactive phase. All data represent group mean±SEM. 
Plasma Corticosteroid Levels
Circulating corticosterone levels were measured at 5-15 min intervals over a period of 2.5 h, commencing immediately following PSS exposure at the onset of the active or inactive phase ( Figure 5a ).
PSS applied at the onset of the inactive phase. Corticosterone concentrations were low (B0.5 ng/ml) immediately after the onset of the inactive phase (lights on) and before the PSS exposure. They increased rapidly in response to PSS exposure, peaking approximately 15 min after the exposure, and then declined exponentially.
PSS applied at the onset of the active phase. In response to PSS exposure, corticosterone concentrations increased, peaked approximately 30 min after the exposure, and then declined steeply.
Comparison between phases. In rats exposed to a Sham-PSS, serum corticosterone concentrations were significantly higher in the Active Phase group than in the Inactive Phase group (po0.0006). In rats exposed to PSS exposure, corticosterone concentrations rose similarly in the Active and Inactive Phase groups, reaching similar peak levels of 77-85 ng/ml. The corticosterone concentrations appeared to peak earlier in the Inactive Phase group than in the Active Phase group (15 vs 30 min, respectively, after PSS exposure), although this could not be verified with a sampling frequency of 10-15 min from different animals. Active/PSS rats displayed significantly higher and more prolonged serum corticosterone levels than Inactive/PSS rats. A nonlinear (exponential) fitting carried out between 3 and 4 time points before PSS exposure and the peak corticosterone concentrations indicated that the 'exponential rate' (R0) of the corticosterone response to PSS did not differ significantly between groups (Figure 5b) . A nonlinear (exponential decay order 1 model) fitting carried out on the 6-7 time points following corticosterone peak concentrations indicated significantly different decay constants (t1) between groups, such that Active/PSS rats exhibited a slower decay in corticosterone levels than Inactive/PSS rats (t1 ¼ 80.1 ± 7.4 min and t1 ¼ 39.5±11.3 min, respectively; po0.05; Figure 5c ).
DEX Suppression Test
DEX or saline (Sal) were administered before PSS exposure, and corticosterone levels were measured 30 and 60 min after the IN administration of NPY, Y1RA, or ACSF ( Figure 6 ). Figure 7a ). Bonferroni post-hoc tests indicated that, in the Active Phase group, the overall time spent in the open arms was significantly lower in Figure 6 The effects of dexamethasone on corticosterone levels after external manipulation of the neuropeptide Y (NPY)-ergic system. Behavioral procedure (1). The thick empty arrow on the left represents a subcutaneous injection of dexamethasone (DEX; 50 mg/kg) or saline. The thick empty arrow on the right represents intranasal administration of NPY (10 mg), neuropeptide Y1 receptor antagonist (Y1RA (BIBO3304); 20 mg), or artificial cerebrospinal fluid (ACSF). Rats administered with NPY displayed significantly higher circulating corticosterone levels than rats treated with Y1RA or with the vehicle. Rats administered with DEX þ NPY displayed significantly higher levels of corticosterone than rats administered with DEX þ Y1RA. All data represent group mean±SEM.
Diurnal fluctuations in HPA and NPY-ergic systems at ZTs S Cohen et al Active/Y1RA rats than in Active/ACSF rats (po0.005). In addition, in the Inactive Phase group, the overall time spent in the open arms was significantly higher in Inactive/NPY rats than in Inactive/ACSF rats (po0.0045).
The percentage of open-arm entries was similar in all Active Phase rats (Figure 7b ), whereas the percentage of open-arm entries was significantly higher in Inactive/NPY rats than in Inactive/ ACSF rats (po0.035).
ASR. Significant differences in the startle amplitude were found between the groups (F(3,37) ¼ 5.4, po0.0035; Figure 7c ). Bonferroni post-hoc tests indicated that the mean startle amplitude was significantly higher in Active/ Y1RA rats than in Active/ACSF rats (po0.015), and significantly lower in Inactive/NPY rats than in Inactive/ ACSF rats (po0.009). No differences in the startle habituation were observed between groups (Figure 7d) .
CBC model classification. Significant differences were found between groups in the prevalence rates of individuals displaying an EBR, MBR, and PBR (Pearson w 2 ¼ 14.3, d.f. ¼ 6, po0.025). Significant differences were found between groups in the prevalence of individuals displaying an EBR (Pearson w 2 ¼ 8.83, d.f. ¼ 3, po0.035; Figure 7e ). Diurnal fluctuations in HPA and NPY-ergic systems at ZTs S Cohen et al Specifically, the prevalence of an EBR was higher in Active/ Y1RA rats than in Active/ACSF rats (36.36% (4//11) and 0% (0/10), respectively; p ¼ 0.055 Fisher Exact Test). In contrast, the prevalence of an EBR was lower in Inactive/ NPY rats (0%) than in Inactive/ACSF rats (10% (1/10)). Significant differences were also found between groups in the prevalence of individuals displaying a MBR (Pearson w 2 ¼ 9.0, d.f. ¼ 3, po0.03; Figure 7f) . Specifically, the prevalence of a MBR was lower in Active/Y1RA rats than in Active/ACSF rats (9.1% (1/11) and 50% (5/10), respectively; p ¼ 0.055 Fisher Exact Test), and was higher in Inactive/ NPY rats than in Inactive/ACSF rats (70% (7/10) and 30% (3/10), respectively). No significant differences were found in the prevalence of PBR between groups (Figure 7g ).
The Effects of a Microinfusion of NPY to Inactive Phase rats, and of Y1RA to Active Phase rats, on NPY and Y1R Immunoreactivity in the PVN PVN NPY immunostaining. Significant differences were found between the groups (F(3,16) ¼ 8.9, po0.0015; Figure 8a ). Bonferroni post-hoc tests indicated that PVN NPY-ir was significantly lower in Active/Y1RA rats than in Active/ACSF rats (po0.015), and was significantly higher in Inactive/NPY rats than in Inactive/ACSF rats (po0.015).
PVN Y1R immunostaining. Significant differences were found between the groups (F(3,16) ¼ 5.7, po0.0075; Figure 8b ). Bonferroni post-hoc tests indicated that the Y1R-ir was significantly lower in Active/Y1RA rats than in Active/ACSF rats (po0.02), and was significantly higher in Inactive/NPY rats than in Inactive/ACSF rats (po0.045).
DISCUSSION
The most significant findings of this study are: (a) the ZT at which rats were exposed to psychological stress influenced on the behavioral response of the rats. Rats appeared to be more vulnerable to stress applied at the onset of the inactive phase and, conversely, more resilient to stress applied at the onset of the active phase. (b) The behavioral response to stress displayed diurnal variations, suggesting a circadiandependent modulation of the behavioral response by the NPY-ergic system in the PVN and ARC, in association with HPA axis activity. This effect is in line with our previously reported hypothesis that the NPY-ergic system, together with the HPA axis, has a significant role in the resilience to stress (Cohen et al, 2012) .
The time of day at which rats were exposed to the stressor altered the sequelae of the resulting trauma. Phenotypically, marked behavioral differences were observed in the EPM and ASR paradigms in response to stress applied at different ZTs. In the EPM, rats exposed to PSS at the onset of the active phase spent a higher proportion of the test duration in the open arms, as compared with rats exposed to PSS at the onset of the inactive phase. The startle amplitude similarly exhibited a diurnal modulation, as was also reported previously (Chabot and Taylor, 1992a, b; Davis and Sollberger, 1971) : at baseline, rats exposed to PSS at the onset of the active phase exhibited a higher (albeit not significant) startle amplitude but a low-range response to the PSS. On the other hand, rats exposed to PSS at the onset of the inactive phase exhibited low baseline startle responses but a more marked post-exposure behavioral disruption. Data analysis in which the more robustly affected rats were distinguished from other rats (based on the CBC procedure) provided a more precise assessment of the magnitude of these behavioral effects: the prevalence of severely affected rats (ie, an EBR) among rats exposed to PSS at the onset of the inactive phase was 22.6%, as compared with 3.3% in rats exposed at the onset of the active phase. We therefore suggest that PSS exposure at the onset of the active phase, as compared with the inactive phase, confers a greater resistance to the negative consequences of the experimental stress paradigm (ie, decreased anxiety-like, fearful-and PTSD-like responses).
To test whether the behavioral response to PSS exposure was commensurate with HPA axis profiles, we assessed the influence of the exposure applied at different ZTs on plasma corticosterone levels. The basal levels of circulating corticosterone at the onset of the active phase were significantly different than those at the onset of the inactive phase, reflecting the expected circadian variation (Torrellas et al, 1981) . This notwithstanding, the magnitude of response of the HPA axis to stress was similar in the two circadian phases, although, in rats at the active phase, a slower return to baseline corticosterone levels after PSS exposure was observed. A nonlinear regressive fitting model (exponential decay order 1) indicated significantly different 'half-life' (t1/2) for corticosterone between the groups, with rats in the active phase showing a prolonged corticosterone stress response as compared with rats in the inactive phase. At the systemic level, this result indicates a less efficient negative feedback during the active phase. Taken together, these findings imply a possible association between the circadian phase, HPA regulation, and the behavioral response to stress. The specific mechanisms underlying these effects are, however, yet unclear.
Stress responses related to diurnal responsiveness of the HPA axis have been extensively reported in the past. A considerable amount of data suggests that the responsiveness of the HPA is increased in the early inactive phase (Choi et al, 1996; Retana-Marquez et al, 2003; Torrellas et al, 1981) , although some data suggest increased responsiveness at the onset of the active phase (Kalsbeek et al, 2003; Lilly et al, 2000) , or equal responsiveness at the two phases (Mathias et al, 2000; Retana-Marquez et al, 2003) . One interpretation of these data is that the diurnal variations in the magnitude of the corticosteroid response to stress is stressor-specific (Atkinson et al, 2006) . For example, hemorrhage (Lilly et al, 2000) and hypoglycemia (Kalsbeek et al, 2003) have been reported to produce a greater corticosterone response in the evening, whereas restraint, immobilization, and foot-shocks (Retana-Marquez et al, 2003; Torrellas et al, 1981) produce a greater corticosterone response in the morning. Other stressors, such as an immune challenge or immersion in cold water, produce equivalent HPA responses throughout the day (Mathias et al, 2000; Retana-Marquez et al, 2003) . However, findings are not uniform across studies and are difficult to compare accurately, mostly due to methodological differences in the stress paradigms used, in the duration and number of exposures to stress, and in the time of assessment.
Densities of NPY-and Y1R-ir in the PVN and ARC hypothalamic nuclei, in hippocampal sub-regions, and in the BLA were evaluated in rats exposed to real or sham-PSS at the onset of the two phases for a number of reasons. First, the NPY-ergic system has a significant role in resilience to stress (Cohen et al, 2012) , as hypothalamic NPY is critically implicated in the homeostatic regulation of the HPA axis (Hanson and Dallman, 1995; Wahlestedt et al, 1987) . Second, NPY has been shown to be involved in behavioral functions that depend upon the integrity of the hippocampus and BLA (Redrobe et al, 1999) . In the hippocampus, in vitro studies have shown that NPY exerts a neuroproliferative effect on neuronal precursors (Decressac et al, 2010; Howell et al, 2007) . In the current study, we found that, under basal conditions, NPY and Y1R levels in the PVN and ARC vary significantly in relation to the light/dark cycle, showing a high immunostaining density at the onset of the active phase and a low immunostaining density at the onset of the inactive phase. In contrast to the hypothalamic nuclei, no significant cycle was apparent in the hippocampal sub-regions and in the BLA, where the density of NPY-ir was considerably lower and relatively stable at both ZTs tested. These data are consistent with previous reports (Akabayashi et al, 1994 ; Jhanwar-Uniyal et al, 1990; Figure 8 The effects of intra-paraventricular nucleus (PVN) microinfusion of neuropeptide Y (NPY) or neuropeptide Y1 receptor agonist (Y1RA) applied 30 min before exposure to predator scent stress (PSS) at the onset of the inactive or active phase on NPY and Y1R levels. Experimental procedure (1). The thick arrow on top line represents the time of exposure to PSS (inactive phase, zeitgeber time (ZT) ¼ 0) and thin arrow represents the intra-PVN infusion of NPY (10 mg) to these rats. The thick arrow on the bottom line represents the time of exposure to PSS (active phase, ZT ¼ 12) and the thin arrow represents the intra-PVN infusion of Y1RA (20 mg) to these rats. Panel (2) shows a schematic drawing of the regions of the PVN (coordinates relative to bregams: À 1.80 mm) from which the measurements were collected. The quantitative morphometric analysis of NPY-(a) and Y1R-(b) immunoreactivity in fibers and/or cells of the PVN of rats microinfused with NPY/artificial cerebrospinal fluid (ACSF) and exposed to PSS at the onset of the inactive phase and rats microinfused with Y1RA/ACSF and exposed to PSS at the onset of the dark (active) phase. (c) Representative images of NPY-and Y1R-immunoreactivity in the PVN. Images were acquired at Â 10 magnification. Scale bar: 200 mm. The cells in green are NPY-positive and the cells in red are Y1R-positive. Thirty minutes after intra-PVN microinfusion of the Y1RA, a significant decrease was observed in the density of NPY-and Y1R-immunoreactivity in the PVN. Intra-PVN microinfusion of NPY before PSS exposure at the onset of the inactive phase was accompanied by a significant upregulation of the density of NPY-and Y1R-immunoreactivity in the PVN. Active, dark (active) phase; Inactive, light (inactive) phase; Rch, retrochiasmatic nucleus; 3V, third ventricle. All data represent group mean ± SEM.
Diurnal fluctuations in HPA and NPY-ergic systems at ZTs S Cohen et al McKibbin et al, 1991; van Dijk and Strubbe, 2003) . In response to stress, a striking association was found between the degree of behavioral disruption and the pattern of NPYand Y1R-ir, in relation to the active/inactive phases. More specifically, the density of NPY-and Y1R-ir in the PVN and ARC decreased in response to stress at both ZTs. However, rats exposed to PSS at the onset of the inactive phase-and who exhibited a low density of NPY-ir at baselinedisplayed a greater change, ie, a greater reduction in the density of NPY-ir, as compared with rats exposed at the onset of the active phase. Consistent with the hypothesis that the NPY-ergic system promotes neuronal function and/ or structural changes, the protective qualities attributed to NPY are supported by its increased levels at the onset of the active phase. Thus, NPY appears to promote resilience to and/or recovery from stress. These results are in line with our hypothesis that vicissitudes of NPY have an important role in the regulation of anxiety and depression, as was also suggested previously (Angelucci et al, 2002 (Angelucci et al, , 2003 (Angelucci et al, , 2000 Domschke et al, 2010; Heilig et al, 2004; Mathe', 1999; Mathe' et al, 1996; Neumann et al, 2011; Redrobe et al, 1999; Sajdyk et al, 2008) . We found that corticosterone levels were significantly increased at around the same time in which the rise in NPY levels was observed in the PVN and ARC. This finding suggests a possible association between central NPY levels and circulating corticosterone levels. As NPY systems in both the ARC and PVN contribute to the modulation of the HPA axis, we hypothesized that the prolonged expression of the HPA axis at the onset of the active phase could be due to the synergistic action of NPY and the HPA axis. The sensitivity to steroid feedback inhibition was tested by comparing the circulating corticosterone responses to DEX with and without treating the rats by an intranasal administration of NPY or Y1RA. The NPY-treated rats displayed significantly higher circulating corticosterone levels than vehicle-treated controls and Y1RA-treated rats. Moreover, elevated serum corticosterone levels were found in rats pre-treated with DEX and then treated with intranasal NPY. Such an increase was prevented in rats pre-treated with DEX and then with intranasal Y1RA, suggesting a strong influence of NPY/Y1R activation on the regulation of the HPA axis.
Studies in which NPY was administered to animals support the suggestion that this peptide may integrate within and regulate HPA systems (Cohen et al, 2012; Serova et al, 2013) . Our data are consistent with the hypothesis that the corticosterone peak at the active phase is mediated by activation of neuronal inputs to the hypothalamus, which render the HPA axis less sensitive to negative feedback (Akana et al, 1986; Holmes et al, 1995) . In light of the strong association between the circadian rhythm of circulating corticosterone levels and central NPY levels, an interaction between the HPA axis and central NPY neurons may have a particular significance in determining daily rhythms of several physiological processes, including behavioral responses to stress (Akabayashi et al, 1994) .
The contribution of NPY to the diurnal variation in the behavioral response to stress was further assessed by experimentally manipulating the NPY levels, namely, by administrating NPY or its receptor antagonist. To manipulate NPY levels, NPY was microinfused into the PVN 30 min before exposure to PSS at the onset of the inactive phase, whereas Y1RA was microinfused into the PVN 30 min before exposure to PSS at the onset of the active phase. This manipulation was indeed effective; the behavioral effects were most striking in the NPY experiment, wherein a significant increase was observed in the overall time spent in the open arms and in the open arm entries, and a significant decrease was observed in the startle amplitude, as compared with the Inactive/ACSF group. However, the Y1RA treatment significantly decreased the overall time spent in the open arms and significantly increased the startle amplitude, as compared with the Active/ACSF group. Although not statistically significant (due to a small sample size), there was a clear trend showing that the Y1RA treatment increased the prevalence rates of EBRs (from 0 to 36.36%), with a concomitant decrease in the prevalence rates of MBRs (50 to 9.1%). Thus, microinfusion of the antagonist to rats in the active phase resulted in an overall shift toward an extreme, PTSD-like behavioral disruption ensuing from the traumatic stress exposure. In addition, administration of NPY before PSS exposure at the onset of the inactive phase reduced the prevalence rates of EBRs (from 10 to 0%), with a concomitant increase in the prevalence rates of MBRs (from 30 to 70%). This change was relatively small (as compared with the change observed in the Y1RA experiment), probably because the circadian cycle involves numerous factors other than NPY, which dampened the effect of the NPY manipulation.
In rats exposed to PSS at the onset of the inactive phase, the anxiolytic-like effect of microinjected NPY was accompanied by a significant upregulation of NPY-and NPY-Y1-ir in the PVN. In contrast, a microinjection of Y1RA at the onset of the active phase was accompanied by a significant downregulation of NPY-and Y1R-ir in the PVN. The use of the NPY manipulation under both diurnal and nocturnal conditions elicited interesting results. The fact that an NPY microinjection 30 min before PSS exposure at the onset of the inactive phase not only improved the behavioral response pattern but also normalized the PVN NPY levels 8 days later, combined with the fact that a Y1RA infusion 30 min before PSS exposure at the onset of the active phase not only impaired behavior but also exerted an opposite effect on the PVN NPY levels, are pivotal. This is because such results (a) point to a significant protective role of endogenous NPY; (b) reinforce the role of the dysregulated NPY transmission in anxiety and depression (Bjrnebekk et al, 2010; Husum and Mathé, 2002; Jiménez-Vasquez et al, 2007; Mathé et al, 2007) ; and (c) are consistent with our hypothesis that Y1RAs are good candidates for developing new treatments for affective disorders and anxiety (for review, see Wu et al, 2011) .
Our study is not devoid of limitations, which should be addressed in future studies. First, measuring corticosterone levels in response to an NPY/Y1RA microinfusion at several time points following the exposure to stress could shed light on the association between the NPY-ergic system and the HPA axis activity; the focus of an ongoing follow-up study. Second, in the last experiment presented in this article, the overall sample size was insufficient for a nonparametric statistical analysis. Future studies should thus employ larger sample sizes.
